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Abstract 29 
 30 
The pharmaceutical fluoxetine, a selective serotonin reuptake inhibitor (SSRI), is often 31 
detected in municipal wastewater treatment plant effluents and surface waters within the 32 
ng/l range. There is, however, insufficient research evaluating potential hazards of 33 
fluoxetine in aquatic organisms at environmentally relevant concentrations. Taking into 34 
account that several SSRIs (fluoxetine, fluvoxamine) act as spawning inducers in 35 
bivalves, this study aimed at investigating the effects of fluoxetine exposure in the zebra 36 
mussel (Dreissena polymorpha) by assessing its potential to induce spawning at 37 
environmentally relevant concentrations (20 and 200 ng/l), as well as alterations of 38 
endogenous levels of testosterone and estradiol. Histological analyses of female and 39 
male gonads showed a concentration dependent decrease of oocyte and spermatozoon 40 
density, with a reduction in the number of oocytes per follicle of 40% to 70%, and 41 
spermatozoa density of 21% to 25%, relative to controls, following exposure to 20 and 42 
200 ng/l of fluoxetine for 6 days, respectively. There was also a significant increase 43 
(1.5-fold) in the endogenous levels of esterified estradiol in organisms exposed to 200 44 
ng/l fluoxetine. Overall, the study shows that exposure to low levels of fluoxetine may 45 
effectively induce gamete liberation in the zebra mussel as well as alter endogenous 46 
levels of estradiol, and evidences the need of further investigating the potential of 47 
fluoxetine to alter the endocrine system of molluscs at environmentally relevant 48 
concentrations.   49 
 50 
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1. Introduction 52 
In recent years an increased occurrence of pharmaceuticals have been reported in 53 
surface waters, seawater, effluents from municipal wastewater treatment facilities and 54 
even groundwater (Fent et al., 2006). A growing body of literature has emerged 55 
describing the potential of these compounds to adversely affect aquatic organisms. The 56 
main danger of pharmaceuticals arises from their environmental persistence and high 57 
bioactivity (Daughton and Ternes, 1999; Bringolf et al., 2010). Moreover, its 58 
continuous influx into the aquatic environment results in chronic exposure of aquatic 59 
organisms, especially of those residing in effluent-dominated ecosystems (Brooks et al., 60 
2006). Of special concern are drugs which, even at low environmental concentrations, 61 
have a negative effect on the nervous or endocrine system of exposed organisms. One of 62 
the most studied is ethinylestradiol, an endocrine disrupter that produces adverse effects 63 
on fish, gastropod and mussel populations at concentrations between 1 and 50 ng/l 64 
(Jobling et al., 2004; Ciocan et al., 2010; Cubero-Leon et al., 2010). 65 
Other pharmaceuticals of special environmental concern are the selective 66 
serotonin reuptake inhibitors (SSRIs), including fluoxetine, the active compound in 67 
Prozac®. Fluoxetine, like other SSRIs, is a high-prescription-volume drug in the United 68 
States and several other countries, used for the treatment of depression and certain 69 
compulsive disorders (RxList, 2009). As a consequence, many industrialized countries 70 
with large metropolitan areas have detectable quantities of SSRIs and their metabolites 71 
in their surface waters (Kwon and Armbrust, 2006). Fluoxetine is metabolized in the 72 
human body to norfluoxetine glucuronide and it is primarily excreted via urine 73 
containing approximately 2–11% of the administered dose as unchanged parent 74 
compound (Hiemke and Härtter, 2000). Kolpin et al. (2002) reported concentrations of 75 
fluoxetine in streams of the United States as high as 12 ng/l while other sources mention 76 
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concentrations up to 99 ng/l in sewage effluents in Canada (Metcalfe et al., 2003), as 77 
well as in brain tissue samples of fish (1.58 ± 0.74 ng/g) found in an effluent-dominated 78 
stream in North Texas, United States (Brooks et al., 2005). Fluoxetine has also been 79 
detected in biosolids and sediments in the United States at average concentrations of 80 
37.4 and 1.84 µg/kg, respectively (Furlong et al., 2004). Even though SSRIs and their 81 
metabolites are usually found in low concentrations (ng/l) in the aquatic environment, 82 
their biological effects at relevant environmental concentrations have seldom been 83 
assessed on aquatic organisms. 84 
 SSRIs block the reuptake of serotonin (5-HT) from the pre-synaptic nerve cleft 85 
resulting in an increased 5-HT neurotransmission in humans. As such, they can mimic 86 
the action of 5-HT (Brooks et al., 2003). Exposure of goldfish (Carassius auratus) to 87 
fluoxetine (540 ng/l) lead to a disruption of its reproductive physiology and energy 88 
metabolism, altering neuroendocrine hormones involved in steroidogenesis, spermiation 89 
and carbohydrate metabolism (Mennigen et al., 2010a,b). In vitro studies or injection of 90 
fluoxetine stimulated ovarian and testicular development and increased the size of 91 
ovaries and oocytes in the decapod crustacean Uca pugilator (Kulkarni and Fingerman, 92 
1992; Sarojini et al., 1993). Such findings suggest that fluoxetine indirectly induced 93 
gonad development and oocyte maturation in crustaceans, probably via a putative 5-HT 94 
ovarian and testicular stimulating factor released from the thoracic ganglia. Recently, 95 
De Lange et al. (2006) reported that 100 ng/l fluoxetine reduced the locomotion activity 96 
of the amphipod Gammarus pulex. In bivalve molluscs, such as Dreissena polymorpha 97 
and Macoma balthica, several reproductive events like spawning and parturition are 98 
regulated by serotonin and can be induced or potentiated by exogenous administration 99 
of SSRIs (Fong, 1998; Fong et al., 1998; Honkoop et al., 1999). Fong (1998) reported 100 
that water fluoxetine levels of 34 to 340 g/l induced spawning in male zebra mussels 101 
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D. polymorpha. In a later study, Fong et al. (2003) showed that SSRIs induced 102 
spawning in mussels and clams by increasing serotonin activity. In addition, there is 103 
evidence that fluoxetine at concentrations of 300 and 3000 µg/l induced the release of 104 
non-viable glochidia in the endangered freshwater naiad Elliptio complanata (Bringolf 105 
et al., 2010). As the reproductive cycle of this species includes an obligatory parasitic 106 
form (McMahon and Bogan, 2001), the viability of the glochidia is of crucial 107 
importance (Faria et al., 2010). Thus, a spawning inducing compound like fluoxetine 108 
may potentially interfere with the reproductive cycle of endangered species and 109 
significantly reduce their reproductive success. 110 
Nevertheless the above mentioned studies conducted in bivalves, despite of 111 
providing some mechanistic information on the mode of action of SSRIs, were not 112 
performed at realistic environmental concentrations. Likewise in fish and crustaceans, 113 
SSRIs may also disrupt the reproductive axis in sexually mature bivalves (Kulkarni and 114 
Fingerman, 1992; Sarojini et al., 1993; Mennigen et al., 2010a,b) which share similar 115 
steroidogenic pathways with vertebrates (Porte et al., 2006). Thus, 17β-estradiol for 116 
example is involved in the regulation of the immune response (Canesi et al., 2004), the 117 
induction of Ca2+-dependent NO production through activation of a signalling pathway 118 
at the cell surface (Stefano et al., 2003), and the modulation of the lysosomal function, 119 
as well as lipid and glucose metabolism in mussel hepatopancreas (Canesi et al., 2007). 120 
It has also been suggested that 17β-estradiol may play an important role in reproductive 121 
events and sexual maturation and differentiation in bivalve molluscs (Janer et al., 2005; 122 
Gauthier-Clerc et al., 2006; Croll and Wang, 2007). In addition, there is evidence that 123 
mussels possess the ability to maintain stable levels of endogenous estradiol through its 124 
conjugation with fatty acids, a metabolic process that considerably reduces the 125 
biological activity of free steroids (Janer et al., 2005).  126 
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This study aimed at determining the potential effects of exposure to low levels of 127 
fluoxetine (20-200 ng/l) on female and male gonad structure and gamete release as well 128 
as on the levels of endogenous steroids (testosterone and estradiol) in the freshwater 129 
mussel D. polymorpha. 130 
 131 
2. Material and methods  132 
 133 
2.1 Sample collection  134 
Zebra mussels (D. polymorpha) mean weight: 0.3 ± 0.05 g; mean length: 22 ± 1 135 
cm were collected in April 2008 from the Ebro River, from an unpolluted site near the 136 
town of Riba Roja (Catalonia, Spain). Animals were transported in buckets of approx. 137 
40 L filled with local water to the animal-holding facilities (IDAEA, Barcelona) and 138 
kept in 20 L tanks at 20 ± 1 °C. Before exposure, mussels were acclimatized for a 139 
period of 10 days to ASTM reconstituted water of similar hardness (170 mg/l CaCO3) 140 
and conductivity (600 µS/cm) as local Ebro River water.  141 
 142 
2.2 Experimental design 143 
Environmental conditions, i.e. temperature, conductivity of ASTM water and 144 
photo-period simulated the original conditions of mussels. Animals were fed daily with 145 
a suspension 1:1 of algae Scenedesmus subspicatus and Chlorella vulgaris (106 146 
cells/ml). Water was renewed every day. After acclimatization, 400 mussels were 147 
selected for the experiments. They were placed on fishing nets suspended in 20 L glass 148 
aquaria (90 individuals per aquaria). Dissolved oxygen was maintained constant by 149 
continuous aeration using filtered compressed air through glass diffusers. 150 
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Mussels were exposed to different concentrations of fluoxetine (20 and 200 ng/l) 151 
for 6-days added to the rearing water. There were two sets of controls: non-exposed 152 
mussels (C) and mussels exposed to 0.002% triethylene glycol, used as a carrier solvent 153 
(SC). Water was changed daily and a fresh dose of fluoxetine was added; mussels were 154 
fed every 48 hours adding food 15-30 min before water renewal. After 6-day exposure, 155 
mussels were dissected, the gills separated from the whole body and stored at −80 ºC. 156 
For histology, 20 organisms per exposure group were dissected, placed into cassettes 157 
and fixed in 4% buffered formaldehyde (0.1 M phosphate buffer, pH 7.4) for 48 h. 158 
Samples were subsequently rinsed with water and stored in 70% ethanol. Prior to 159 
paraffin embedding, individuals were transversally cut with a scalpel and both the 160 
byssus and the foot removed since they could further interfere during the sectioning 161 
process. Both portions were then embedded in paraffin, cut at 7 µm and stained with 162 
Hematoxylin-Eosin Y.  163 
 164 
2.3 Analysis of tissue steroid levels 165 
Tissue levels of free testosterone and estradiol were analyzed as described in 166 
Janer et al. (2005). Briefly, tissue samples (0.25 - 0.35 g wet weight; n=12) were 167 
homogenized in ethanol, and frozen overnight at −80 °C. Homogenates were then 168 
thawed and extracted with 2 ml of ethyl acetate (×3), the organic extracts recombined 169 
and reduced under a nitrogen stream. Dry residues were redisolved in 80% methanol. 170 
This solution was then washed with petroleum ether to remove the lipid fraction and 171 
evaporated to dryness. The dry residue was redisolved in 4 ml Milli-Q water and passed 172 
through a C18 cartridge (Isolute, International Sorbent Technology, Mid Glamorgan, 173 
UK; 1 g, 6 ml), that had been sequentially pre-conditioned with methanol (4 ml) and 174 
Milli-Q water (8 ml). After finishing the concentration step, cartridges were washed 175 
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with Milli-Q water (8 ml), dried and connected to a NH2 cartridge (Sep-Pack® Plus; 176 
Waters, Milfold, MA, USA). The C18-NH2 system was then washed with 8 ml n-177 
hexane and the steroids eluted with 9 ml dichloromethane: methanol (7:3). This fraction 178 
was collected and evaporated to dryness.  179 
Total testosterone and estradiol (free + esterified) were measured as described by 180 
Gooding et al. (2003), with some modifications. Tissue, homogenized as for free steroid 181 
determination (see above), was extracted with ethyl acetate (3×2 ml). The organic 182 
extract was evaporated under nitrogen, resuspended in 1.0 ml methanol containing 1% 183 
KOH, and incubated at 45 °C for 3 h. After the saponification step, Milli-Q water (4.0 184 
ml) was added, and the sample extracted with dichloromethane (3×3 ml).  185 
The efficiency of the extraction and delipidation procedure was 74 ± 3% for 186 
testosterone and 80 ± 3% for estradiol (Morcillo et al., 1999). The recovery for the 187 
purification step (SPE cartridges), evaluated with radiolabelled steroids was in the range 188 
95 – 97% for both testosterone and estradiol (Janer et al., 2005). Dry extracts (tissue and 189 
water samples) were resuspended in 50 mM potassium phosphate buffer pH 7.6 190 
containing 0.1% gelatine, and assayed for testosterone and estradiol concentration using 191 
commercial RIA kits (Radim, Rome, Italy). Standard curves with the steroids dissolved 192 
in the same phosphate buffer were performed in every run. The limits of detection were 193 
25 pg/g for testosterone (T) and 20 pg/g for estradiol (E2). Intra-assay coefficients of 194 
variation were of 6.1% (T) and 3.3% (E2). Inter-assay coefficients of variation were of 195 
9.3% (T) and 3.5% (E2). 196 
 197 
2.4 Quantitative histology using image processing techniques 198 
  Histological preparations were first examined under a light microscope to 199 
determine sex and gonadal maturation stage following conventional histological 200 
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procedures according to the method described by Juhel et al. (2003). For quantitative 201 
histological analysis only individuals in the spawning stage were selected, due to their 202 
high incidence (85-90%). Other stages of maturation were not considered in this study 203 
due to their low presence (10-15%) and thus the difficulty to make a separate and 204 
accurate evaluation. All tissue images were captured using a Digital Sight-Ri1 (Nikon) 205 
digital camera mounted on an Eclipse 90i (Nikon) light microscope. A photo ocular lens 206 
of 10x was used with an objective of either 4x (females) or 10x (males) resulting in a 207 
magnification of 40x and 100x, respectively. The image analysis methods used in this 208 
study are adapted from those already described by Arimoto and Feng (1983) and 209 
Heffernan and Walker (1989) as a sensitive assessment of the gonadal gamete content in 210 
mussels with modifications aimed to improve accuracy and reproducibility. Gonadal 211 
gamete content was assessed in the follicle (females) and tubule lumen (males), and 212 
only follicles/tubules with a clearly distinguishable wall were selected. Gamete density 213 
in female gonads was analyzed as the number of oocytes per follicle area (µm2) of 10 214 
follicles in three randomly chosen sections per individual gonad (30 follicles per 215 
individual).  Follicle area was determined with the aid of image analysis software (NIS-216 
Elements AR ver. 3.0, Laboratory Imaging, Nikon). Male gonads were analyzed using 217 
ImageJ image analyzing software, using a modification of the protocol described by 218 
Toro et al. (2002). Briefly, color images were transformed to 8-bit grey scale images 219 
and pictures were then thresholded individually. Tubules were selected and the 220 
spermatozoa amount (% inside the tubule lumen) calculated as the ratio between the 221 
number of pixels occupied by spermatozoa and the total number of pixels of the tubule 222 
area. For each male a total of 10 tubules were selected from 3 randomly chosen sections 223 
of the gonad. 224 
 225 
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2.5 Water analyses 226 
Duplicated water samples were taken from the freshly prepared solutions and 227 
after 24 hour exposure to measure oxygen levels, pH and fluoxetine concentrations in 228 
water. Dissolved oxygen concentration (DO) was measured using a polarographic 229 
oxygen electrode coupled to a CyberScan DO 300 EUTECH model meter (Lab Process 230 
Distributions, Alella, Barcelona, Spain). Water pH was measured using an epoxy-body 231 
combination electrode, coupled to a Crison micro pH 2001 meter and calibrated with 232 
standard pH buffer solutions (Sigma, Madrid, Spain). Measurement of fluoxetine levels 233 
was limited to the highest tested concentration (200 ng/l) as follows: 1000 ml of water 234 
were pre-concentrated in Oasis 60 mg SPE cartridges which were conditioned with 10 235 
ml of methanol followed by 10 ml of water; water was pre-concentrated at a flow rate of 236 
10 ml/min and eluted with 2x4 ml of methanol. This extract was then reduced under 237 
nitrogen to incipient dryness and reconstituted with 500 μl of the mobile phase. 238 
Fluoxetine was analyzed by High Performance Liquid Chromatography coupled to 239 
Diode Array Detection (HPLC-DAD) with an Agilent Technologies 1200 series diode 240 
array detector G1315D; 50 µl of the extract were injected on a 50 x 4.6 mm XBridge 241 
TM C18 column of 3.5 μm particle diameter (Waters, USA). A gradient elution starting 242 
at 70:30 water (pH 4.0) acetonitrile to 100% acetonitrile in 20 min was used at a flow 243 
rate of 0.8 ml/min. Acquisition was done at a wavelength of 226 nm. Under those 244 
conditions, fluoxetine eluted at 4.15 min and had recoveries from water samples 245 
determined using an external standard of 99 3% (n=4). 246 
 247 
2.6 Statistical analyses 248 
Differences in steroid levels were determined by one-way ANOVA, followed by 249 
Tukey’s post-hoc multiple comparison tests (P<0.05). Significant differences in the 250 
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number of oocytes per follicle area and spermatozoa density of tubules across 251 
treatments were analyzed using a nested one-way ANOVA with individual mussels 252 
nested within treatments, followed by Tukey’s post-hoc multiple comparison test 253 
(P<0.05). Prior to all analyses requirements for parametric testing were determined and 254 
if not met data was log transformed to improve normality and homoscedasticity of 255 
variance. 256 
 257 
3. Results 258 
 259 
3.1 Water analyses 260 
During the entire experiment, oxygen levels were 90% of saturation and pH was 261 
within 7.8 - 8.1. Measured fluoxetine levels in freshly prepared water were close to 262 
nominal values (mean ± SEM, n=4) 180 ± 30 ng/l, decreasing to 110 ± 60 ng/l after 24 h 263 
exposure. 264 
 265 
3.2 Histological analyses 266 
Of the 80 analyzed organisms, 50 were females and 30 males. Most individuals 267 
were found in the spawning stage (stage 3). Within females 87% of individuals from the 268 
control (C), solvent control (SC) and 20 ng/l fluoxetine treatments, and 100% of those 269 
exposed to 200 ng/l of fluoxetine had gonads in stage 3. Within males 86%, 88%, 83% 270 
and 78% of individuals from the C, SC, 20 ng/l and 200 ng/l fluoxetine treatments had 271 
gonads in stage 3, respectively (Fig. 1). Female gonads were characterized by having 272 
the entire peripheral area and parts of the central lumen of the follicle occupied by 273 
mature oocytes (Fig. 1A). In addition a few pedunculated oocytes were located at the 274 
walls of the pre-spawning follicles. The connective tissue was almost completely 275 
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reduced and formed a discontinuous layer surrounding the follicles. Male gonads were 276 
characterized by a high amount of spermatozoa with visible tails closely packed in the 277 
center of the star-shaped lumen of the seminiferous tubules. Larger precursor germ cells 278 
(spermatocytes) were located at the periphery while a thin layer of connective tissue 279 
served as separation between adjacent tubules (Fig. 1C). 280 
Exposure to fluoxetine dramatically decreased the number of oocytes per follicle 281 
and spermatozoa density in tubules (Fig. 1B, D). In exposed females, the central lumen 282 
was mostly empty, only a few residual oocytes were found at the periphery of the 283 
follicles (Fig. 1B). Exposed males showed a reduction in the number of spermatozoa in 284 
the center of the lumen concomitant with a thickening of the connective tissue layer 285 
(Fig. 1D). Also the typical star shaped alignment of the spermatozoa in the center of the 286 
lumen was much less apparent in males exposed to fluoxetine. In female gonads, nested 287 
one-way ANOVA results performed on 1200 follicles indicated that despite the 288 
existence of significant (P<0.05) differences among individual mussels within 289 
treatments (F 38, 1158 = 13.9), fluoxetine exposure significantly (F 3, 42 = 30.4, P<0.05) 290 
affected the number of oocytes per follicle area. Results depicted in Fig. 2A clearly 291 
showed decreasing numbers of oocytes per follicle with increasing exposure to 292 
fluoxetine. The decrease in the number of oocytes per follicle area was approximately 293 
40% and 70% for 20 and 200 ng/l fluoxetine, respectively, compared to the control 294 
group. In testes, nested one-way ANOVA results performed on 250 tubules indicated 295 
also the existence of significant (P<0.05) differences among individual mussels within 296 
treatments (F 21, 225 = 25.7), but fluoxetine exposure levels significantly (F 3, 21 = 12.4, 297 
P<0.05) reduced the tubule area covered by spermatozoa (Fig. 2B). The decrease in 298 
spermatozoa density was of 21% and 25% for 20 and 200 ng/l fluoxetine, respectively. 299 
 300 
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3.3 Tissue steroid levels 301 
 Steroid levels were measured in the soft tissue of control and fluoxetine exposed 302 
organisms. Levels of free/unconjugated testosterone were in the range of 0.08 - 0.14 303 
ng/g wet weight, and levels of free estradiol were of 0.04 - 0.10 ng/g wet weight. No 304 
significant (P<0.05) differences were observed between control and exposed organisms 305 
(Fig. 3A). After saponification of the samples, the ester bonds of the steroid metabolites 306 
were cleaved and total steroids (including both free and esterified forms) were 307 
determined. Esterified steroids were determined by subtraction of free steroids from 308 
total steroid content. Both testosterone and estradiol were predominately found in their 309 
esterified form (97.6% to 98.9%). Esterified testosterone was in the range of 3.39 - 4.38 310 
ng/g wet weight and esterified estradiol ranged from 5.77 to 12.79 ng/g wet weight. 311 
After six day exposure, esterified estradiol levels increased significantly (P<0.05) 1.5 312 
fold in the group exposed to 200 ng/l fluoxetine. Interestingly, no alterations were 313 
detected in esterified testosterone levels (Fig. 3B).  314 
 315 
4. Discussion 316 
 The histological analyses of fluoxetine-exposed zebra mussel gonads clearly 317 
showed a significant decrease in the number of oocytes within the follicles and of 318 
spermatozoa density within the male seminiferous tubules, suggesting the ability of 319 
fluoxetine to induce spawning at rather low concentrations (20-200 ng/l). The 320 
apparently lower gamete decreases reported for males than for females (Fig. 2) is related 321 
to the fact that mature testes include simultaneously several types of germinal cells 322 
(spermatocytes and spermatozoa) and that mainly spermatozoa located in the center of 323 
the star-shaped lumen of seminiferous tubules were released after exposure to fluoxetine 324 
as depicted in Fig. 1. Unfortunately due to the small size and huge number of 325 
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spermatozoa it was impossible to count them. Instead changes in germinal cell density 326 
were evaluated. On the contrary, mature ovarian mostly had mature oocytes that were 327 
released after fluoxetine exposure (Fig. 1). Fong (1998) reported that fluoxetine at 328 
concentrations of 34 and 340 µg/l induced spawning in male and female zebra mussel in 329 
just a few hours. In the present study, we demonstrated that spawning may be inducible 330 
at even much lower fluoxetine concentrations following exposure for a period of several 331 
days. The observed decrease in the number of gametes in the gonads of exposed 332 
organisms may be caused by a cumulative effect of the compound directly on the 333 
gonads or through the accumulation of fluoxetine also in other peripheral tissues other 334 
than the gonad. The concentration of fluoxetine in water markedly decreased after 24 335 
hours of exposure, suggesting an uptake of the compound by the test organisms. Several 336 
studies performed on different aquatic organisms indicated that fluoxetine 337 
bioaccumulates in significant amounts and that such accumulation is pH dependent. 338 
Estimated bioaccumulation factors of fluoxetine at neutral pH ranged from 80 to 3100 339 
in the Japanese medaka Oryzias latipes (Nakamura et al., 2008; Paterson and Metcalfe, 340 
2008). Bringolf et al. (2010) reported bioconcentration factors of fluoxetine over 1000 341 
in the freshwater mussel Elliptio complanata inhabiting a contaminated effluent 342 
channel.   343 
Testosterone and estradiol extracted from the whole body of D. polymorpha 344 
were predominantly found in their esterified form, agreeing with previous results 345 
reported for other molluscs (Gooding and LeBlanc, 2004; Janer et al., 2006). Our 346 
experiment showed that short term exposure to fluoxetine did not significantly alter free 347 
steroid levels, but led to a significant increase (1.5 fold) in esterified estradiol in zebra 348 
mussels exposed to the highest fluoxetine concentration (200 ng/l). The mechanism 349 
behind the observed increase in esterified estradiol is unknown. Generally, esterification 350 
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of fatty acids significantly increases their lipophilicity, so that they can be stored in the 351 
lipoidal matrices of the organism while concurrently reducing their bioactivity and 352 
bioavailability (Borg et al., 1995). Interestingly, we observed levels of esterified 353 
estradiol of 8-14 ng/g w.w. and testosterone 3-8 ng/g w.w. in zebra mussel during the 354 
spawning stage, followed by a significant increase to 38 ng/g of esterified estradiol and 355 
14 ng/g of esterified testosterone after the spawning phase, when gonads are in a 356 
reabsorbing stage (Lazzara et al., unpublished results). Thus, it is likely that a 357 
stimulation of gamete release by fluoxetine will consequently modulate levels of 358 
endogenous steroids; however, only estradiol was modulated whereas no effect on 359 
testosterone was detected.    360 
Several studies have shown that serotonergic agents can modify estrogen titers 361 
and vice versa (Maswood et al., 1999; Raap et al., 2000). Rats injected with fluoxetine 362 
revealed that concentrations of 0.5 - 5 mg/kg may significantly alter circulating estrogen 363 
levels (Taylor et al., 2004). Moreover estradiol titers increased in Japanese medaka 364 
exposed to 0.1 and 0.5 mg/l fluoxetine in water, whereas testosterone levels remained 365 
unaffected (Foran et al., 2004). The mechanisms involved in the modulation of estradiol 366 
levels by fluoxetine are unclear, but Rehavi et al. (2000) speculated that in rats SSRIs 367 
may inhibit the release of the luteinizing hormone which results in decreased ovarian 368 
release of estrogens in females.  369 
Moreover, fluoxetine can mimic the action of 5-HT which is implicated in 370 
different functions in both vertebrates and invertebrates. 5-HT regulates several 371 
biological functions, like heartbeat rhythm, feeding, and locomotion in the gastropod 372 
mollusc Ilyanassa obsoleta (Couper and Leise, 1996) and spawning and oocyte 373 
maturation in the bivalves Spisula solidissima and S. sachalinensis (Hirai et al., 1988). 374 
Interestingly, 5-HT receptors were found on the membrane of oocytes and spermatozoa 375 
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of the clam Spisula solidissima and were involved in the release of gametes (Kadam et 376 
al., 1991). These receptors are regulated by 17-estradiol which may potentiate 5-HT 377 
induced gamete release through increasing receptor sensitivity (Osada et al., 1998; Croll 378 
and Wang, 2007). However, it is unclear whether SSRIs directly increase 5-HT levels in 379 
bivalves or act as 5-HT receptor ligands (Fong et al., 2003). Nevertheless, an increased 380 
stimulation of 5-HT receptors could be to some extent counteracted by an increased 381 
esterification of estradiol, which would lead to reduced receptor sensitivity. Thus, one 382 
may hypothesize that the observed increase in esterified estradiol levels without a 383 
concomitant increase in esterified testosterone titers, would act as a mechanism of 384 
defense against an increased stimulation of 5-HT receptors by fluoxetine.   385 
Overall, this study showed a concentration-dependent increase in gamete release 386 
in both females and males under fluoxetine exposure. This confirms the role of 387 
fluoxetine as a spawning inducer in zebra mussel, as reported in earlier studies with 388 
much higher fluoxetine concentrations. In the present study, spawning occurred at 389 
concentrations of fluoxetine as low as 20 ng/l. Concentrations of fluoxetine of 99-841 390 
ng/l in waste water treated effluents and of 12-30 ng/l in contaminated surface waters 391 
have often been reported (Corcoran et al., 2010). Therefore, it is likely that exposure to 392 
fluoxetine in the low parts-per–trillion levels range may have a negative impact on 393 
zebra mussel reproduction since in this species fertilization is external and hence 394 
spawning has to be highly synchronized because of the short viability of gametes in 395 
water (Newell et al., 1982, Ram et al., 1996; Juhel et al., 2003). Thus, this study 396 
provides additional evidence that environmentally relevant levels of pharmaceuticals 397 
such as fluoxetine are biological active in aquatic organisms (Mennigen et al., 2010a, 398 
b). In particular, the present results showed that at ng/l, fluoxetine was able to alter the 399 
steroid metabolism and reproduction of mussels.  400 
  17
 401 
Acknowledgements 402 
This study was funded by the Ministerio de Medio Ambiente, Medio Rural y Marino 403 
projects 041/SGTB/2007/1.1 and 042/RN08/03.4, the Spanish Ministry of Science and 404 
Education under Project Ref. CGL2008-01888/BOS, and a CSIC project (200930I037).  405 
 406 
References 407 
Arimoto, R., Feng, S.Y., 1983. Histological studies on mussels from dredge spoil 408 
dumpsites. Estuar. Coast. Shelf Sci., 17, 535-546. 409 
Borg, W., Shackleton, C.H., Pahuja, S.L., Hochberg, R.B., 1995. Long-lived 410 
testosterone esters in the rat. Proc. Natl. Acad. Sci. USA, 92, 1545-1549. 411 
Bringolf, R.B., Heltsley, R.M., Newton, T.J., Eads, C.B., Fraley, S.J., Shea, D., Cope, 412 
W.G., 2010. Environmental occurrence and reproductive effects of the 413 
pharmaceutical fluoxetine in native freshwater mussels. Environ. Toxicol. Chem., 414 
29, 1311-1318. 415 
Brooks, B.W., Foran, C.M., Richards, S.M., Weston, J., Turner, P.K., Stanley, J.K., 416 
Solomon, K.R., Slattery, M., La Point, T.W., 2003. Aquatic ecotoxicology of 417 
fluoxetine. Toxicol. Lett., 142, 169-183. 418 
Brooks, B.W., Chambliss, C.K., Stanley, J.K., Ramirez, A., Banks, K.E., Johnson, R.D., 419 
Lewis, R.J., 2005. Determination of select antidepressants in fish from an effluent-420 
dominated stream. Environ. Toxicol. Chem., 24, 464-469. 421 
Brooks, B.W., Riley, T.M., Taylor, R.D., 2006. Water quality of effluent-dominated 422 
ecosystems: Ecotoxicological, hydrological, and management considerations. 423 
Hydrobiologia, 556, 365-379. 424 
Canesi, L., Ciacci, C., Betti, M., Lorusso, L.C., Marchi, B., Burattini, S., Falcieri, E., 425 
  18
Gallo, G., 2004. Rapid effects of 17β-estradiol on cell signaling and function of 426 
Mytilus hemocytes. Gen. Comp. Endocrinol., 136, 58-71. 427 
Canesi, L., Borghi, C., Fabbri, R., Ciacci, C., Lorusso, L.C., Gallo, G., Vergani, L., 428 
2007. Effects of 17β-estradiol on mussel digestive gland. Gen. Comp. Endocrinol., 429 
153, 40-46. 430 
Ciocan, C.M., Cubero-Leon, E., Puinean, A.M., Hill, E.M., Minier, C., Osada, M., 431 
Fenlon, K., Rotchell, J.M., 2010. Effects of estrogen exposure in mussels, Mytilus 432 
edulis, at different stages of gametogenesis. Environ. Pollut., 158, 2977-2984. 433 
Corcoran, J., Winter, M.J., Tyler, C.R., 2010. Pharmaceuticals in the aquatic 434 
environment: A critical review of the evidence for health effects in fish. Crit. Rev. 435 
Toxicol., 40, 287-304. 436 
Couper, J.M., Leise, E.M., 1996. Serotonin injections induce metamorphosis in larvae 437 
of the gastropod mollusc Ilyanassa obsoleta. Biol. Bull., 191, 178-186. 438 
Croll, R.P., Wang, C., 2007. Possible roles of sex steroids in the control of reproduction 439 
in bivalve molluscs. Aquaculture, 272, 76-86. 440 
Cubero-Leon, E., Ciocan, C.M., Hill, E.M., Osada, M., Kishida, M., Itoh, N., Kondo, 441 
R., Minier, C., Rotchell, J.M., 2010. Estrogens disrupt serotonin receptor and 442 
cyclooxygenase mRNA expression in the gonads of mussels (Mytilus edulis). Aquat. 443 
Toxicol., 98, 178-187. 444 
Daughton, C.G., Ternes, T.A., 1999. Pharmaceuticals and personal care products in the 445 
environment: Agents of subtle change? Environ. Health Perspect., 107, 907-938. 446 
De Lange, H.J., Noordoven, W., Murk, A.J., Lürling, M., Peeters, E.T.H.M., 2006. 447 
Behavioural responses of Gammarus pulex (Crustacea, Amphipoda) to low 448 
concentrations of pharmaceuticals. Aquat. Toxicol., 78, 209-216. 449 
Faria, M., López, M.A., Fernández-Sanjuan, M., Lacorte, S., Barata, C., 2010. 450 
  19
Comparative toxicity of single and combined mixtures of selected pollutants 451 
among larval stages of the native freshwater mussels (Unio elongatulus) and the 452 
invasive zebra mussel (Dreissena polymorpha). Sci. Total Environ., 408, 2452-453 
2458. 454 
Fent, K., Weston, A.A., Caminada, D., 2006. Ecotoxicology of human pharmaceuticals. 455 
Aquat. Toxicol., 76, 122-159. 456 
Fong, P.P., 1998. Zebra mussel spawning is induced in low concentrations of putative 457 
serotonin reuptake inhibitors. Biol. Bull., 194, 143-149. 458 
Fong, P.P., Huminski, P.T., D’Urso, L.M., 1998. Induction and potentiation of 459 
parturition in fingernail clams (Sphaerium striatinum) by selective serotonin 460 
re‐uptake inhibitors (SSRIs). J. Exp. Zool., 280, 260-264. 461 
Fong, P.P., Philbert, C.M., Roberts, B.J., 2003. Putative serotonin reuptake inhibitor-462 
induced spawning and parturition in freshwater bivalves is inhibited by mammalian 463 
5-HT2 receptor antagonists. J. Exp. Zool., 298A, 67-72. 464 
Foran, C.M., Weston, J., Slattery, M., Brooks, B.W., Huggett, D.B., 2004. Reproductive 465 
assessment of Japanese medaka (Oryzias latipes) following a four-week fluoxetine 466 
(SSRI) exposure. Arch. Environ. Contam. Toxicol., 46, 511-517. 467 
Furlong, E.T., Kinney, C.A., Ferrer, I., Werner, S.L., Cahill, J.D., Ratterman, G., 2004. 468 
Pharmaceuticals and personal care products in solids: Analysis and field results for 469 
sediment, soil, and biosolid samples. In: Proceedings, 228th American Chemical 470 
Society National Meeting, Philadelphia, PA. 471 
Gauthier-Clerc, S., Pellerin, J., Amiard, J.C., 2006. Estradiol-17β and testosterone 472 
  20
concentrations in male and female Mya arenaria (Mollusca bivalvia) during the 473 
reproductive cycle. Gen. Comp. Endocrinol., 145, 133-139. 474 
Gooding, M.P., Wilson, V.S., Folmar, L.C., Marcovich, D.T., LeBlanc, G.A., 2003. The 475 
biocide tributyltin reduces the accumulation of testosterone as fatty acid esters in the 476 
mud snail (Ilyanassa obsoleta). Environ. Health Perspect., 111, 426-430. 477 
Gooding, M.P., LeBlanc, G.A., 2004. Seasonal variation in the regulation of 478 
testosterone levels in the eastern mud snail (Ilyanassa obsoleta). Invertebr. Biol., 479 
123, 237-243. 480 
Heffernan, P.B., Walker, R.L., 1989. Quantitative image analysis methods for use in 481 
histological studies of bivalve reproduction. J. Moll. Stud., 55, 135-137. 482 
Hiemke, C., Härtter, S., 2000. Pharmacokinetics of selective serotonin reuptake 483 
inhibitors. Pharmacol. Therap., 85, 11-28. 484 
Hirai, S., Kishimoto, T., Kadam, A.L., Kanatani, H., Koide, S.S., 1988. Induction of 485 
spawning and oocyte maturation by 5‐hydroxytryptamine in the surf clam. J. Exp. 486 
Zool., 245, 318-321. 487 
Honkoop, P.J.C., Luttikhuizen, P.C., Piersma, T., 1999. Experimentally extending the 488 
spawning season of a marine bivalve using temperature change and fluoxetine as 489 
synergistic triggers. Mar. Ecol. Prog. Ser., 180, 297-300. 490 
Janer, G., Lavado, R., Thibaut, R., Porte, C., 2005. Effects of 17β-estradiol exposure in 491 
the mussel Mytilus galloprovincialis: A possible regulating role for steroid 492 
acyltransferases. Aquat. Toxicol., 75, 32-42. 493 
Janer, G., Lyssimachou, A., Bachmann, J., Oehlmann, J., Schulte-Oehlmann, U., Porte, 494 
  21
C., 2006. Sexual dimorphism in esterified steroid levels in the gastropod Marisa 495 
cornuarietis: The effect of xenoandrogenic compounds. Steroids, 71, 435-444. 496 
Jobling, S., Casey, D., Rodgers-Gray, T., Oehlmann, J., Schulte-Oehlmann, U., 497 
Pawlowski, S., Baunbeck, T., Turner, A.P., Tyler, C.R., 2004. Comparative 498 
responses of molluscs and fish to environmental estrogens and an estrogenic 499 
effluent. Aquat. Toxicol., 66, 207-222. 500 
Juhel, G., Culloty, S.C., O’Riordan, R.M., O’Connor, J., De Faoite, L., McNamara, R., 501 
2003. A histological study of the gametogenic cycle of the freshwater mussel 502 
Dreissena polymorpha (Pallas, 1771) in Lough Derg, Ireland. J. Moll. Stud., 69, 503 
365-373. 504 
Kadam, P.A., Kadam, A.L., Segal, S.J., Koide, S.S., 1991. Functional serotonin receptor 505 
sites on Atlantic surf clam Spisula solidissima (Dillwyn, 1817) oocytes and sperm. J. 506 
Shellfish Res., 10, 215-219. 507 
Kolpin, D.W., Furlong, E.T., Meyer, M.T., Thurman, E.M., Zaugg, S.D., Barber, L.B., 508 
Buxton, H.T., 2002. Pharmaceuticals, hormones, and other organic wastewater 509 
contaminants in U.S. Streams, 1999−2000: A national reconnaissance. Environ. Sci. 510 
Technol., 36, 1202-1211. 511 
Kulkarni, G.K., Fingerman, M., 1992. Effects of 5-hydroxytryptamine agonists on 512 
ovarian development in the fiddler crab, Uca pugilator. Comp. Biochem. Physiol. C, 513 
101, 419-423. 514 
Kwon, J-W., Armbrust, K.L., 2006. Laboratory persistence and fate of fluoxetine in 515 
aquatic environments. Environ. Toxicol. Chem., 25, 2561-2568. 516 
Maswood, S., Truitt, W., Hotema, M., Caldarola-Pastuszka, M., Uphouse, L., 1999. 517 
Estrous cycle modulation of extracellular serotonin in mediobasal hypothalamus: 518 
Role of the serotonin transporter and terminal autoreceptors. Brain Res., 831, 146-519 
  22
154. 520 
McMahon, R.F., Bogan, A.E., 2001. Ecology and classification of North American 521 
freshwater invertebrates. 2nd Edition. In: J.H. Thorp, A.P. Covich (Eds.), Mollusca: 522 
Bivalvia, Academic Press, New York, 331-416. 523 
Mennigen, J.A., Sassine, J., Trudeau, V.L., Moon, T.W., 2010a. Waterborne fluoxetine 524 
disrupts feeding and energy metabolism in the goldfish Carassius auratus. Aquat. 525 
Toxicol., 100, 128-137. 526 
Mennigen, J.A., Lado, W.E., Zamora, J.M., Duarte-Guterman, P., Langlois, V.S., 527 
Metcalfe, C.D., Chang, J.P., Moon, T.W., Trudeau, V.L., 2010b. Waterborne 528 
fluoxetine disrupts the reproductive axis in sexually mature male goldfish, Carassius 529 
auratus. Aquat. Toxicol., 100, 354-364. 530 
Metcalfe, C.D., Miao, X., Koenig, B.G., Struger, J., 2003. Distribution of acidic and 531 
neutral drugs in surface waters near sewage treatment plants in the lower Great 532 
Lakes, Canada. Environ. Toxicol. Chem., 22, 2881-2889. 533 
Morcillo, Y., Albalat, A., Porte, C., 1999. Mussels as sentinels of organotin pollution: 534 
Bioaccumulation and effects on P450‐mediated aromatase activity. Environ. 535 
Toxicol. Chem., 18, 1203-1208. 536 
Nakamura, Y., Yamamoto, H., Sekizawa, J., Kondo, T., Hirai, N., Tatarazako, N., 2008. 537 
The effects of pH on fluoxetine in Japanese medaka (Oryzias latipes): Acute toxicity 538 
in fish larvae and bioaccumulation in juvenile fish. Chemosphere, 70, 865-873. 539 
Newell, R.I.E., Hilbish, T.J., Koehn, R.K., Newell, C.J., 1982. Temporal variation in the 540 
reproductive cycle of Mytilus edulis L. (Bivalvia, Mytilidae) from localities on the 541 
  23
East Coast of the United States. Biol. Bull., 162, 299-310. 542 
Osada, M., Nakata, A., Matsumoto, T., Mori, K., 1998. Pharmacological 543 
characterization of serotonin receptor in the oocyte membrane of bivalve molluscs 544 
and its formation during oogenesis. J. Exp. Zool., 281, 124-131. 545 
Paterson, G., Metcalfe, C.D., 2008. Uptake and depuration of the anti-depressant 546 
fluoxetine by the Japanese medaka (Oryzias latipes). Chemosphere, 74, 125-130. 547 
Porte, C., Janer, G., Lorusso, L.C., Ortiz-Zarragoitia, M., Cajaraville, M.P., Fossi, M.C., 548 
Canesi, L., 2006. Endocrine disruptors in marine organisms: Approaches and 549 
perspectives. Comp. Biochem. Physiol. C, 143, 303-315. 550 
Raap, D.K., DonCarlos, L., Garcia, F., Muma, N.A., Wolf, W.A., Battaglia, G., Van de 551 
Kar, L.D., 2000. Estrogen desensitizes 5-HT1A receptors and reduces levels of Gz, 552 
Gi1 and Gi3 proteins in the hypothalamus. Neuropharmacol., 39, 1823-1832. 553 
Ram, J.L., Fong, P.P., Garton, D.W., 1996. Physiological aspects of zebra mussel 554 
reproduction: Maturation, spawning, and fertilization. Amer. Zool., 36, 326-338. 555 
Rehavi, M., Attali, G., Gil-Ad, I., Weizman, A., 2000. Suppression of serum gonadal 556 
steroids in rats by chronic treatment with dopamine and serotonin reuptake 557 
inhibitors. Eur. Neuropsychopharmacol., 10, 145-150. 558 
RxList, 2009. The top 200 prescriptions for 2009 by number of US prescriptions 559 
dispensed, IMS Health. <http://www.rxlist.com>. 560 
Sarojini, R., Nagabhushanam, R., Fingerman, M., 1993. In vivo evaluation of 5-561 
hydroxytryptamine stimulation of the testes in the fiddler crab, Uca pugilator: A 562 
presumed action on the neuroendocrine system. Comp. Biochem. Physiol. C, 106, 563 
321-325. 564 
Stefano, G.B., Zhu, W., Mantione, K., Jones, D., Salamon, E., Cho, J.J., Cadet, P., 565 
2003. 17-β estradiol down regulates ganglionic microglial cells via nitric oxide 566 
  24
release: Presence of an estrogen receptor β transcript. Neuroendocrinol. Lett., 24, 567 
130-136. 568 
Taylor, G.T., Farr, S., Klinga, K., Weiss, J., 2004. Chronic fluoxetine suppresses 569 
circulating estrogen and the enhanced spatial learning of estrogen-treated 570 
ovariectomized rats. Psychoneuroendocrinol., 29, 1241-1249. 571 
Toro, J.E., Thompson, R.J., Innes, D.J., 2002. Reproductive isolation and reproductive 572 
output in two sympatric mussel species (Mytilus edulis, M. trossulus) and their 573 
hybrids from Newfoundland. Mar. Biol., 141, 897-909. 574 
 575 
 576 
  25
Figure 1. Photomicrographs of male and female zebra mussel (D. polymorpha) gonads 577 
in control and fluoxetine-exposed treatments (200 ng/l). (A) Ovaries of a control female 578 
showing follicles filled with mature oocytes; (B) Fluoxetine-exposed female ovaries 579 
with mostly empty central lumen and only residual oocytes at the periphery. (C) Control 580 
male testes characterized by a dense amount of spermatozoa visible in the center of the 581 
star-shaped lumen of the seminiferous tubules; (D) Testes of fluoxetine-exposed male 582 
exhibiting the presence of a less dense amount of spermatozoa especially in the center 583 
of the lumen. Abbreviations: ct, connective tissue; fpo, follicle post-spawning; fpr, 584 
follicle pre-spawning; mo, mature oocyte; po, pedunculated oocyte; ro, residual oocyte; 585 
spc, spermatocytes; spz, spermatozoa; tpo, tubule post-spawning; tpr, tubule pre-586 
spawning. Scale bar in B applies to photos of female gonads and D to male gonads. 587 
 588 
Figure 2. Number of oocytes per follicle area in female gonads (A) and of spermatozoa 589 
density (% of tubule area covered by spermatozoa) in male gonads (B) of zebra mussels 590 
exposed to fluoxetine (20-200 ng/l) for 6 days. Different letters indicate significant 591 
(P<0.05) differences after nested ANOVA and post-hoc Tukey’s test. C, SC are control 592 
and solvent control treatments, respectively. Values are mean ± SEM (n=7-11). 593 
 594 
Figure 3. Free and esterified levels of testosterone and estradiol determined in the whole 595 
body (without gills) of D. polymorpha exposed to fluoxetine (20-200 ng/l) for 6 days. 596 
Values are mean ± SEM (n=12). C, SC are control and solvent control treatments, 597 
respectively. Different letters indicate significant (P<0.05) differences after ANOVA 598 
and post-hoc Tukey’s test. 599 
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